I. INTRODUCTION

F
UEL CELLS technology has been prompted as a very active research field because the need of the hour is power generation with environment throughout the world. The proton exchange membrane (PEM) fuel cells, which directly convert the chemical energy of hydrogen into electrical energy, are one of the most promising alternative power sources for transportation, portable electronics, and stationary applications [1] . Fuel cell systems are available to meet the needs of applications ranging from portable electronics to utility power plants. The overall system is efficient at full-and part-load, scalable to a wide range of sizes, environment friendly, and potentially competitive with conventional technology [2] .
Under normal operation, a simple fuel cell typically produces 0.5-0.9 V. For use in energy generation systems, where a relatively high power is needed, several cells are connected in series, arranging a stack that can supply hundreds of kilowatts [3] . One of the key challenges of fuel cell systems is the appropriate media supply, heat management, and operation management in order to realize stable operation for transportation, portable electronics, and stationary applications. During the design phase, the power converter needs to be tested and adjusted with the realfuel cell stack, and then, it must be validated [4] . PEM fuel cells show some losses of efficiency and power density with scaleup in the area of the electrodes and the increase in number of cells in a stack. The main reason for this is that removal of the product, liquid water, becomes more difficult in larger systems; furthermore, a high water vapor pressure in the reactant flows causes an increase in overpotential, especially at the cathode. A problem strongly related to water management is that of thermal management in stacks [5] .
The fuel cells produce electricity from a simple electrochemical reaction, in which an oxidant and a fuel react to form a product, which is water for the typical fuel cell. The fuel is typically hydrogen (H 2 ), and the oxidant is usually the oxygen (O 2 ) from air. The O 2 or air continuously passes over the cathode and the H 2 passes over the anode to generate electricity, byproduct heat and water [6] . The cathode flooding with H 2 /air increases the O 2 mass transfer resistance in the electrode and the degrees of hysteresis in the polarization and power density with H 2 /air become worse than those with H 2 /O 2 . O 2 is transported across the cathode gas diffusion layer (GDL) by a combination of pressure-driven convection through the porous GDL and concentration-driven diffusion. Because the vapor in the cathode gas flow channel is saturated with water vapor, additional water produced at the cathode must be immediately condensed. When oxygen is consumed at the cathode catalyst layer (CL), there is a reduction of the total pressure due to the reduction in the total number of moles in the vapor [7] .
In this paper, the 1-kW class 20-cell PEM fuel cell stack with an active area of 150 cm 2 is scaled up both in series and parallel, and characterized experimentally with air and O 2 as oxidant. Scale-up was started from the basic unit cell whose serpentine flow field was characterized geometrically to enhance the performances in relation to pressure drop, discharge of condensed water, maximization of cell voltage, and uniformity of current density over the active area of 25 cm 2 [9] . Based the previous geometrical characterization results, we designed a novel serpentine flow field with subchannels and by-passes (SFFSB) to promote under-rib convection, as shown in Fig. 1 . The numerical results show that the presence of a convective flow in the under-rib regions enables more effective utilization of electrocatalysts by increasing the reactant concentration and by facilitating liquid water removal in those regions, compared to conventional advanced serpentine flow field (CASFF). For the experimental performance evaluation, the improvement of under-rib convection made a big impact on the vitalization of mass transfer and electrochemical reaction so that it was verified that the performance of SFFSB (0.615 W/cm 2 at 0.47 V) was improved by 23.7% in comparison with CASFF (0.497 W/cm 2 at 0.47 V) [10] - [13] . Compared to CASFF, SFFSB is characterized by low pressure in the entrance, and it finally shows characteristics similar or equal to those of CASFF, by gradually decreasing the pressure rate as reacting gases move closer to the exit. Such a pressure difference occurs because the diffusion of reacting gases becomes smooth as the intensity of under-rib convection is increased by adding subchannels. As the concentration distribution of reacting gases becomes uniform inside a fuel cell, the diffusion of reacting gases improves the uniformity of current density distribution and temperature distribution by electrochemical reaction. There is a little increase of temperature distribution in some parts of the rib because the cooling rate decreases when some parts of the rib gets dry while the flow-field pattern of the under-rib convection moves from the main channels to the subchannels, removing the water created in parts of the rib, into subchannels. Moreover, as the water existing in parts of the rib is removed into subchannels, the anode liquid water mass fraction increases because of the reduced electro-osmotic drag [12] . Based on the previous results, we aim to scale up and test 1-kW class PEM fuel cell that can meet the performances of power, operational reliabilities, and safety requirements with air and O 2 as oxidant.
II. SYSTEM DESCRIPTION
To establish the scale-up procedure of PEM fuel cells, we have fabricated subsequently a basic unit cell with an active area of 25 cm 2 , a serial scaled 4-cell stack with an active area of 25 cm 2 , and a parallel scaled-up single cell stack with an active area of 100 cm 2 , and serial and parallel scaled-up 1-kW class 20-cell stack with an active area of 150 cm 2 , as shown in Fig. 2 . A basic unit of 25 cm 2 [11] , a serial scaled 4-cell stack, and a parallel scaled-up single cell of 100 cm 2 were evaluated in the previous study, and 1-kW class PEM fuel cell stack is evaluated in this study. All fuel cells have SFFSB to promote under-rib convection. The properties of a membrane electrode assembly (MEA), which is composed of two GDLs, a membrane, and two electrodes, are presented in Table I .
The fuel cell performances are evaluated by the polarization curve measured while adjusting the pressure, temperature, humidity, and flow rates of the reacting gases using the test equipment built at Inje University [11] , as listed in Table II . Because the PEM fuel cell performance depends greatly on the operating conditions, the test equipment controlled the operation of the PEM fuel cells carefully and continuously. The test equipment consists of an electronic load, a flow controller, a temperature controller, a relative humidity controller, and a DEWETRON DEWE-30-16 data acquisition system.
Experiments are carried out using the Fuel Cells Testing & Standardisation NETwork (FCTESTNET) performance test procedure [14] , which was originally developed under the Research & Training Network. The FCTESTNET performance test procedure is a method used to evaluate the activation loss region, the ohmic resistance loss region, and the mass transport loss region of fuel cells. In the performance tests, the load current is controlled to minimize physical damage to the MEA and to maintain a stable electrical load. Fuel in the form of H 2 gas is fed into the anode side of the PEM fuel cell. The oxidant in a fuel cell is O 2 , either in air or as a pure O 2 , which enters the fuel cell through the cathode inlet. The reactant gases H 2 and O 2 flow through channels machined into graphite plates and migrate through GDLs to the catalyst surface on their respective sides of the MEA. Aided by the noble metal catalyst in the anode, H 2 is oxidized to form protons and electrons.
The bipolar plates of the anode and the cathode are produced in the same semicounter flow format; that is, the inlet and the outlet of H 2 are at the top left and the bottom right, respectively, while the inlet and the outlet of O 2 or air are at the top right and the bottom left, respectively. A unique feature of PEM fuel cells compared with other types of fuel cells is that the former feature a solid proton-conducting electrolyte [15] - [18] . The MEA is the "heart" of the PEM fuel cell. In this study, a W.L. Gore & Associates PRIMEA Series 57 MEA is used and sandwiched between anode and cathode SIGRACET GDLs, which have a porous structure. The MEA has a membrane and two electrodes composed of highly dispersed carbon-supported platinum catalysts.
III. PERFORMANCE TEST RESULTS
The initial performance of the fuel cells was greatly affected by the humidification of the MEA, the electrical load, and the abundant supply of the reaction gas. Therefore, sufficient humidification was induced for 30 min to hydrate the dried MEA prior to measuring cell performance. The experiment was carried out using the FCTESTNET performance test procedure.
The results of each test procedure were confirmed by supplemental literature and experiments [11] . We tested the polarization and power density of the 1-kW class PEM fuel cell 20-cell stack with an active area of 150 cm 2 utilizing air and O 2 as an oxidant while the load currents were controlled according to predefined schedules, as shown in Fig. 3 .
A. Polarization and Power Curves of the 1-kW Stack
The polarization and power curves of the 1-kW class PEM fuel cell stack with the reactants H 2 /air and H 2 /O 2 are shown in Fig. 4 . The power P(t) is obtained from the voltage V(t) and the current I(t) of the polarization curve as follows:
In Fig. 4 , there is a hysteresis in the voltage but just invisible in the power with both H 2 /air and H 2 /O 2 visible because the power is calculated as the product of voltage as well as the same current.
We did not experiment on the entire polarization up to the concentration loss zone and finish the experiment at 80 A because of high current safety in our experimental apparatus. The stack voltage and power are varied with current as follows: the stack voltage and power with H 2 /air and H 2 /O 2 are similar in This means that the mass transport loss with H 2 /O 2 , which determines the maximum power, is higher than that of H 2 /air at mass transport region. These mass transport limitations are the influence of diffusional resistance in the CL causing hindrance to access by nitrogen (N 2 ) [7] , [19] . In the load current range of 0.2 A to approximately 30 A, ohmic resistance with H 2 /O 2 is stronger than that with H 2 /air. However, over approximately 30 A, voltage due to electrochemical reaction with H 2 /O 2 is overproduced considering ohmic resistance and become higher than that with H 2 /air. Fig. 4 presents the maximum powers with the reactants of H 2 /air and H 2 /O 2 were 1062 and 1122 W, respectively; therefore, the reactants of H 2 /O 2 enhanced 5.7% higher maximum power at the same current of 80 A. The previous results with the parallel scaled-up single cell of 100 cm 2 [8] show that as current is increased up to 120 A, maximum power with H 2 /O 2 is higher by approximately 20% than that with H 2 /air; however, current is limited to 80 A because of the achievement over 1 kW and the balance between 20 cells. The power of PEM fuel cell increases proportionally to the O 2 concentration of oxidant at the cathode [20] .
B. Characterization of Scale-up
To achieve the 1-kW class PEM fuel cell, there are two approaches of a serial scaled-up by stacking cell and a parallel scaled-up by increasing active area, as shown in Fig. 1 . The comparisons of cell voltage and power density curves from a basic unit cell with an active area of 25 cm 2 to a serial scaled 4-cell stack with an active area of 25 cm 2 and a parallel scaledup single cell with an active area of 100 cm 2 utilizing H 2 /air are given in Figs. 5 and 6, respectively [8] . Two approaches of a serial scaled-up by stacking cell and a parallel scaled-up by increasing active area from 25 to 100 cm 2 have their advantages and disadvantages while maintaining nearly the same power densities with varying voltage and current. Fig. 5 shows that the maximum cell voltage and the maximum power of the serial scaled 4-cell stack is nearly four times more than those of the basic unit cell. The serial scaled-up by stacking cell has the advantages of safety and compact assembly due to thin and flexible power cable with no increase in current, but the disadvantages of difficult assembly and maintenance due to too many electrically connected cells in series because the performances of individual cells should be maintained by measuring the current of the entire stack and the voltages of individual cells. Fig. 6 shows that the maximum current and the maximum power of a parallel scaled-up single cell of 100 cm 2 is nearly four times more than those of a basic unit of 25 cm 2 . The parallel scaled-up by increasing active area has the advantage of easy assembly and maintenance with very few cells, but the disadvantages of safety and bulky assembly due to too thick power cable because the current of serial scaled-up PEM fuel cell is proportional to the multiple of active area.
As shown in Fig. 4 , the 1-kW class PEM fuel cell stack is 
C. Characterization of Oxidant
The cell voltages of 20 cells in the 1-kW class PEM fuel cell are shown in Figs. 7 and 8 utilizing H 2 /air and H 2 /O 2 , respectively, while the load currents were controlled according to predefined schedules given in Fig. 3 . The cell voltages with H 2 /O 2 are similar as than those with H 2 /air at the activation loss and the ohmic resistance loss regions in the current range of 0-50 A; however, stack voltage and power with H 2 /O 2 is higher by approximately 0.05 V than those with H 2 /air at the mass transport loss region in the current range over 50 A.
The V-I curves in the ohmic resistance and mass transport regions are shifted downward with decreasing O 2 mole fraction in the cathode feed. O 2 is consumed by reaction at the CL, driving both convective and diffusive flows across the GDL. Convection is driven by a pressure difference resulting from a reduction in molar concentration associated with O 2 consumption at the catalyst. Diffusion across the cathode GDL is driven by the concentration difference between the gas flow channel and the CL. The proton current is driven by the chemical potential differ- ence between the chemical potential of hydrogen at the anode and cathode CLs [7] .
The switch from pure O 2 to air as oxidant has a large effect on the utilization of the catalyst in a PEM fuel cell. The differences between maximum and minimum cell voltages at a current utilizing H 2 /air and H 2 /O 2 with the 1-kW class PEM fuel cell stack are shown and compared in Fig. 9 . As current exceeds 50 A, cell voltage difference with H 2 /O 2 becomes smaller than that with H 2 /air. The entire width of the catalyst under the land was active when pure O 2 was fed to the PEM fuel cell, but only a limited part of the CL was active when air was fed instead [7] . O 2 must be transported through the GDL in both the transverse and lateral directions to the CL. Because the distance for diffusion under the land is generally greater than the thickness of the GDL, we anticipate significant diffusional limitations for O 2 to reach the cathode CL further under the land when the O 2 is diluted by nitrogen (N 2 ) [11] .
Mass transport limitations with an air as oxidant fed cathode were most important at large overpotential, corresponding to high load resistance [21] . The air and O 2 in the 1-kW class PEM fuel cell stack are characterized through the comparison of cell voltage differences utilizing H 2 /air and H 2 /O 2 .
D. Response Characteristics of the 1-kW Stack
The first task of the 1-kW class PEM fuel cell stack is designed to characterize the response to operation under conditions that are representative of the real power demands. To compare the response characteristics with the reactants of H 2 /air and H 2 /O 2 , the power demand profile can be reasonably determined with a variety of low and high peak, as shown in Fig. 10 . This is an important measure to assess the response characteristics of the 1-kW class PEM fuel cell stack, but do not compare with the steady-state data of 5 s shown in Fig. 4 . The power demand profile is transformed to controllable load current.
The responding stack voltage of the 1-kW class PEM fuel cell stack is changed according to the change of the power demand and load current with H 2 /air and H 2 /O 2 , as shown in Fig. 11 . The cell voltages of 20 cells in the 1-kW class PEM fuel cell stack are compared with H 2 /air and H 2 /O 2 , respectively, while the load currents were controlled according to predefined schedules. The entire width of the catalyst under the land was active when pure O 2 was fed to the PEM fuel cell, but only a limited part of the CL was active when air was fed instead. O 2 must be transported through the GDL in both the transverse and lateral directions to the CL. Because the distance for diffusion under the land is generally greater than the thickness of the GDL, we anticipate significant diffusional limitations for O 2 to reach the cathode CL further under the land when the O 2 is diluted by N 2 . The air and O 2 in the 1-kW class PEM fuel cell stack are characterized through the comparison of cell voltage differences utilizing H 2 /air and H 2 /O 2 for operating in connection with water PEM electrozer.
To compare the response characteristics with the reactants of H 2 /air and H 2 /O 2 , the power demand profile can be reasonably determined with a variety of low and high peak. The responding stack voltage variation is analyzed, in four regions shown in Fig. 4 . The responding stack voltage with H 2 /O 2 is clearly higher than that with H 2 /air in the high external load current range over 30 A of mass transport loss region. However, the responding stack voltage with H 2 /O 2 is similar or less than that with H 2 /air in the low external load current range under 30 A of activation loss and ohmic resistance loss regions. Both cell voltages with H 2 /air and H 2 /O 2 follow well the one-twentieth of the responding stack voltage with H 2 /air and H 2 /O 2 with the small difference. These operational results would help us advance to the necessary balance between the performances of 1-kW PEM fuel cell stack with 20 cells without cell failure for operating energy storage of smart grid.
